
helps et al. (1) extended the original model of So
koloff et al. (2) to include the dephosphorylation of
FDG-6-P04, which proceeded slowly in normal sub
jects, but was nonetheless significant, depending on how
long after injection rCMRG1u was measured. Since
then, several attempts have been made to incorporate
the dephosphorylation rate constant, k@,into both the
dynamic and single-scan techniques. Previous authors
have emphasized the futility offitting k.@as an additional
parameter for studies of less than 1 hr duration (3â€”6).
Most recently, Evans et al. (7) suggested that the pre
ferred method of dealing with the issue of dephospho
rylation was to include k@in the operational equation,
with a fixed value equal to a population average ob
tamed from long duration studies. Huang et al. (8)
demonstrated that neglecting k@,i.e., setting k@to zero,
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underestimates the true metabolic rate and that this
estimation error increases linearly with postinjection
scan time.

At present, there is no information in the literature
about the intra- and intersubject variability in FDG
model parameters as a function ofselecting fixed values
of k@for scans acquired 45â€”55mm after radiophar
maceutical injection. This is a standard nonlinear
estimation problem in which the constraints on one
parameter create biased estimates in the unconstrained
parameters. We, therefore, studied the effect of selecting
different fixed values of k@on the parameter estimates
derived from dynamic and single-scan techniques for
data collected 45â€”55mm after the injection of FDG.

METHODS

ExperimentalProtocol
FDG/PET studies were performed on nine normal volun

teer subjects (aged 27 Â±3 yr) as described by Rottenberg
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Several publications have discussed the estimation and physiologicsignificanceof regional
[18F]fluorodeoxyglucose(FDG)rate constants and metabolic rates. Most of these studies
analyzed dynamic data collected over 45â€”60mm;three rate constants (k1-k.@)and blood
volume (Vb)were estimated and the regional cerebral metabolic rate for glucose (rCMRGIu)
was subsequently derived using the measured blood glucose value and a regionallyinvariant
value of the lumped constant (LC).The dephosphorylation rate constant (k.) was either
neglected, or a fixed value was used in the estimation procedure to obtain the remaining
parameters.Tocomparetherateconstantsobtainedbydifferentauthorsusingdifferent
values of k4is impossible without knowledge of the effect of selecting different fixed values of
k4 (including zero) on the estimated rate constants and rCMRGIu. Based on our analysis of
FDG/PETdata from nine normal volunteer subjects, we conclude that indusion of a fixed
value for k@,in spite of a scaling effect on the absolute values of model parameters, has no
effect on the coefficientof variation(CV)of within-and between-subject parameter estimates
and glucose metabolic rates.
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and (2)@ (at Ic, = 0.0068) versus@ (at k.@= 0.0136). This
regression procedure was repeated for all four parameter esti
mates as well as calculated estimates of subject mean meta
bolic rates. For the second case (within subject), similar linear
regressionanalysiswas performedexcept that there were 49
data points corresponding to 49 ROIs within a given subject.

RESULTS

Table 1 contains the results from the parameter
estimation procedure for nine normal subjects when k@
was fixed at 0.0068. Estimated values of k1, k2, k3,
cerebral blood volume (Yb) and rCMRG1u, and their
coefficients of variation, are summarized in Tables 1
and 2. CVs of all GM rate constants are, in general,
lower by â€˜@-5%when thalamus and basal ganglia are
excluded (results not tabulated, but quoted here to
provide comparison with the results of several authors
who exclude deep gray matter structures when reporting
CVs in GM rate constants). The insensitivity of mean
(rCMRG1u)A across GM regions, MRA, to variations in
the rate constants is reflected in the lower CV of MRA
compared to the corresponding mean (rCMRG1u)D,
MRD (Table 2). Because ofthe high correlation between
all parameters and the selection of only three values of
k4, it was deemed not useful to perform multivariate
analysis of variance on the CVs, especially when no
trend in CVs with k@was obvious (Table 2). The good
ness of fit to the model, as judged by the least chi
square criteria, was similar at different selected values
of k4.

The high values for V,, (0.0865) in Table 1 are due
to the smearing of the blood curves. Correcting these
blood curves for smearing due to the external blood
sampling system (16) resulted in a 32% decrease in Yb
(bottom two rows in Table 1); all other parameters
increased in value, the largest change being in k2,which
increased by 65%, and the smallest change in MRA and
MRD, both of which increased by 3%. k1 and k3 in
creased by â€˜@20%.

Figure 1A illustrates the results of the regression for
each parameter estimate at different fixed values of k@
(each data point corresponds to the mean parameter
value for one subject); Figure lB illustrates similar
regressions for MRA and MRD. In these scatter plots,
regression lines were constrained to pass through the
origin. The rate constants k1, k2,and k3are plotted over
the same ranges to show the small variation in k1when
compared to that of k2 and k3. The results of statistical
testing to determine where data points in each scatter
plot fall along the line of identity are reported in Table
3 (all statistical testing was done on regression lines that
were not constrained to pass through the origin; see
Discussion).

The effects ofdifferent fixed values ofk@on estimated
parameters over 49 ROIs within a single subject were

et al. (9). All subjects were fasted overnight and allowed a
light breakfast 6 hr before FDG/PET scanning. FDG, pro
duced by a modification of Tewson's synthesis (10,11), was
more than 97% radiochemically pure (specific activity 500
mCi/mmol). Serial PET images (10 x 1 mm, 5 x 2 mm, 3 x
5 mm, 3 x 10 mm) were obtained with the PC 4600 positron
camera(12) followingthe injectionof 5â€”10mCi of the tracer
during a controlled resting state with the patient's eyes patched
and auditory stimulation (music and intermittent verbal brief
ings)deliveredthrough acousticallyisolatedearphones. The
time course of plasma â€˜8Fradioactivity was determined by
sampling radial arterial blood at frequent intervals and count
ing aliquots of plasma in a scintillation well detector. Brain
and blood radioactivity curves were aligned using measured
arrival times (13).

Data Analysis
Regionof interest(ROl) analysiswasperformedon 128x

I28 PET reconstructions which were corrected for random
coincidences and electronic deadtime. Tissue attenuation was
accounted for by using a transmission scan. Correction was
applied to compensate for the global scaling effects of scatter
in transmission, cross-calibration, and emission scans (14).
Twenty-four (12 per hemisphere) standardized cortical and
subcortical gray matter (GM) ROIs, two cerebellar and two
brainstem ROIs were outlined on reconstructed PET brain
slices with reference to co-planar CT scans and/or a neuroan
atomic atlas (15). Because many ofthese anatomic ROIs were
outlined on multiple planes, the total number of ROIs for a
given subject was usually 49. Compartmental GM rate con
stants (k1â€”k3)and cerebralblood volume(Vb)wereestimated
fromthe time courseofblood and regionalbrain radioactivity
at three different fixed values of k@(0, 0.0068, 0.0 136) (7,9).
Glucose utilization for the dynamic study, (rCMRG1u)D,was
calculated as (Cp/LC)s(k1k3)/(k2+k3). Individual subjects'
mean rate constants, averaged across GM ROIs, were used to
â€œfunctionalizeâ€•images, i.e., convert raw-count images into
images with glucose metabolic rate units, mg/lOOg/min, ac
quired between 45 and 55 mm after tracer injection as de
scribed by Sokoloff et al. (2) and Phelps et al. (1). The k.@
value was fixed at the same value used in the optimization
processfor the determinationof k1â€”k3.rCMRG1uvalueswere
derived by averaging the upper 10% of functionalized ROl
pixel values; rCMRG1u values obtained in this way were
termed â€œautoradiographicâ€•and designated (rCMRG1u)A.
Wheneveranatomic regionsstraddledcontiguousPET brain
slices, rCMRGIu was calculated by weighting component ROl
values by the number of thresholded pixels. The lumped
constant (LC) was assumed to be 0.42. The within-subject
CVsin parameterestimateswereobtainedby firstcalculating
the CVover24 corticaland subcorticalROIsforeachsubject,
followed by averaging these CVs over all subjects. All
rCMRGIudata was entered into a SAS(SASInstitute Inc.,
Cary, NC)databasefor statisticalanalysis.

Statistics
Linear regression was performed for two cases: (a) on mean

parameterestimatesfor differentsubjectsand (b) on regional
parameter estimates within a subject. For the between-subject
case, mean of each parameter over GM ROIs was calculated
for every subject and linear regression analysis was carried out
on (1) mean@ (at k.@= 0.0068) versus mean k, (at k@= 0.0),
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AgeSubject
(yr) k, k2 k.@ Vb MR0 MR@

1 30

. MR0 > MRA. Possible reasons include (1) lack of blood volume correction in the operational equation and (2) different scan times;

MR@b@S@don45-55mmscanandMR0basedon0â€”40mmkineticdata.
t Data reanalyzed with smear-corrected blood curves (16).
Abbreviations:Allvaluesare givenas meanÂ±s.d. k1-k.,,FDGrate constants(I/mm);Vb,cerebralbloodvolume(ml/g);MR,mean

rCMRGIuacross gray matter regions (mg/bOg/mm). Subscripts A and D refer to â€˜autoradiographicâ€•and @dynamicâ€•
calculations,respectively.

TABLE2Coefficient
ofVariation(CV, %) in ParameterEstimatesWithin

subjectsk1

k2 k3 Vb MRDMRAk4=0.013.8

52.0 39.3 19.9 14.511.40.006814.0
50.2 38.7 20.3 13.810.80.013615.7
54.8 42.1 21.0 14.410.8k4

= 0.0Between

subjects10.8

24.5 29.0 27.1 13.511.10.006811.6
28.1 31.9 27.6 13.010.50.013611.6
29.1 30.2 28.4 12.810.1Abbreviations:k,-k@,

FOG rate constants; Vb,cerebral blood
volume;mean rCMRGIuacross gray matter
regions.SubscriptsA and D referto â€œautora
diographicâ€•and â€œdynamicScalculations,respec
tively.

TABLE I
Parameter Estimates for k@= 0.0068

0.07670.11190.10490.06419.789.21Â±0.0097Â±0.0413Â±0.0335Â±0.0140Â±1
.54Â±0.882260.0769

Â±0.00750.0583Â±0.02220.0446Â±0.02120.1181Â±0.01987.55 Â±1.567.42Â±0.903290.0878

Â±0.01630.1061Â±0.06310.0960Â±0.03650.1005Â±0.021411.25 Â±1.419.14Â±1.234290.0790

Â±0.01060.0647Â±0.03480.0649Â±0.02710.0987Â±0.01619.55 Â±1.257.79Â±1.035300.0761

Â±0.01400.0864Â±0.05530.0983Â±0.04400.1069Â±0.021610.08 Â±1.548.80Â±0.586240.0616

Â±0.00910.0647Â±0.03920.0939Â±0.04360.1115Â±0.02029.77 Â±1.288.49Â±0.847220.0638

Â±0.00760.1075Â±0.05090.1009Â±0.04060.0615Â±0.01167.87 Â±1.207.05Â±0.808270.0727

Â±0.00770.1027Â±0.04080.0748Â±0.01890.0654Â±0.01448.81 Â±0.878.22Â±0.749230.0894

Â±0.01430.1441Â±0.07500.1576Â±0.05060.0522Â±0.014111.36 Â±0.9310.01Â±1.22Mean270.07600.09400.09290.08659.56'8.46s.d.Â±3Â±0.0088Â±0.0264Â±0.0296Â±0.0239Â±1

.24Â±0.89Meant270.09020.15480.11470.05849.898.755.d.tÂ±3Â±0.0108Â±0.0492Â±0.0288Â±0.0252Â±1.10Â±0.84

similar to the scaling effects illustrated in Figure 1 and
the regression results in Table 3.

DISCUSSION

Selection of k4
Various values ofk@(determined in normal volunteer

subjects) are available in the literature: 0.0068 Â±0.0014
(mean Â±s.d., n = 13, study duration 3 hr) (1), 0.0055
Â± 0.0009 (n = 9, study duration up to 5 hr) (1 7).

Hawkins et al., (18) found k@to be 0.0075 Â±0.003 1 (n
= 8, study duration 3 hr) for normal gray matter in

patients with brain tumors. Additionally, Friedland
et at. (19) obtained a value ofO.0097 Â±0.0029 (n = 5,
study duration 45 mm) and Lammertsma et al. (20)
found k4 to be 0.015 Â±0.006 (n = 3, study duration
55 mm) in normal subjects. A relatively short period of
data collection (45 and 55 mm) may have been respon
sible for the higher values of k@reported by the last two
authors. The long half-time of k@precludes its accurate
determination from the 45-mm FDG/PET studies that
are routine in many PET centers; Carson et al. (3)
suggested that for k@= 0.0068, a study lasting at least

150 mm was required for its accurate estimation. Thus,
treating k4 as a variable to be estimated by a nonlinear
curve-fitting procedure is probably not justified when
the study duration is <2 hr. Therefore, excluding the
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k, 0

0 2 4 6 8 10 12

MR@ @ 1(4â€”0.0068

last two studies results in a mean value of k@for normal
gray matter to be 0.0066.

The results of regression analysis (Fig. lB and Table
3) suggest that changing k.@results in a change in the
mean metabolic rates. The mean metabolic rates change
in their absolute values by the amount predicted by
previous error analysis (a 1% error in k@resulted in a
0.05â€”0.1% error in rCMRG1u for a scan duration of
40â€”50mm (8); in our data a 100% change in k@(from
0.0068 to 0.0136) resulted in an increase of @@.-5%in
MRA and MRD. For k4 = 0, however, the decrease in
MRA was larger (â€œ@15%) than the decrease in MRD
(â€˜â€”â€˜5%);this is consistent with the fact that the change
in rate constants is observed to be symmetrical with

respect to the change in k@around a mean value of
0.0068 (Fig. 1), resulting in a symmetrical change in
MRD. MRA is calculated from the operational equation,
which is nonlinear with respect to k@;the result is a
smaller change in MRA when k.@increases from 0.0068
to 0.0136 than when k@increases from 0.0 to 0.0068.
The operational equation tends to underestimate MRA
by â€˜@@l0%for a scan duration of 40 mm when k.@is
neglected (6,8). At the same time, the near linearity in
the scatter plots (Fig. 1, Table 3) suggests that the
relative values of the calculated metabolic rates, be
tween and within subjects, are not markedly altered by
assuming an arbitrary but fixed value of k@.

The regression lines in Figure 1A indicate that in

k,

k, 0 k.0.0068

MR@ MR0

FIGURE 1
Effect of changing k@on the mean
parameter values for nine subjects.
A: Estimates of k1, k2, K@,and Vb.k@
was fixedat one of the three selected
values and the abovementioned pa
rameters estimated using kinetic
data. The abscissa corresponds to
the parameter estimate when ic. =
0.0068. The two solid lines are
regression lines through the nine
subject data points when ic. = 0.0
and k. = 0.0136 with zero intercept
constraint (see text). The dotted line
represents the line-of-identity, which
corresponds to the ordinate being
the parameter estimate when k. =
0.0068. B: Calculated mean meta
bolic rate for Uautoradi@graphicfl
(MRA) and â€œdynamicâ€•(MR0) calcula
tions.

0 2 4 8 S 10 12

MR. @ k.â€”0.0068
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k.@:Fixed values

Parameter estimates at k. = 0.0068 0.0 0.0136

Estimated parameter values for k@= 0.0068 were regressed against corresponding parameter values obtained for k. = 0.0136 and
k4 = 0.0. Allvalues are given as slopes, intercept (A2:squared correlation coefficient or fractional variance accounted for).

t p < 0.001 (test the null hypothesis that the regression line is the line-of-identity, slope = 1 . intercept = 0).

@p<0.01.
â€˜p<0.05.
â€˜p> 0.05.
Abbrevations:k1-k.@,FOGrateconstants;Vb,cerebralbloodvolume;meanrCMRGIuacrossgraymatterregions.SubscriptsAand

Dreferto â€œautoradiographic@and @dynamic'calculations,respectively.

TABLE3
Results of Linear Regression Analysis for Nine Patient Studie&

0.90, O.00S5@(0.98)
0.69, O.Ol4t (1.90)
0.72, O.0O7l@(0.98)
1.01, 0.0017*(1.00)

Fittedparameters
k1
k2
k3
Vb

1.00, 0.0013'(0.97)
1.10, 0.0038 (0.87)
1.10, 0.0091*(0.94)
1.02,_0.00231(1.00)

Calculated metabolicrates
MRA

MRD
0.86, @O.O24@(0.96)
0.97, â€”@O.3l@(0.99)

1.00, O.3g@ (0.98)
1.02, 0.29@ (0.97)

creasing the assumed value ofk increases the estimates
of the rate constants k1, k2 and k3â€”leastfor k1, while
decreasing slightly the value of Yb. In other words,
ignoring the regional and/or subject variation in normal
k4 will have its largest effect on k2 and k3. As in the case
ofmetabolic rates, linearity is maintained, and the effect
ofk@on the estimated model parameters is also a scaling
effect. Therefore, even if the primary interest ofa study
is the analysis of the rate constants themselves, the
absolute value of k4@selected during the model-fitting
procedure will not distort between-subject comparisons.

The effect of k@on estimated as well as calculated
parameters within a subject (49 ROIs) is similar to that
observed between subjects. The results of regression
analysis suggested that there were no statistical differ
ences in the two cases ofregressionsâ€”with and without
the intercept constrained to zero. Therefore, Figure 1
was illustrated with the intercept fixed to zero in order
to quantify the magnitude of the scaling effect for
different fixed values of k@.

This linear scaling effect on parameter values of a
fixed k.@demonstrates the preservation of within- and
between-subject patterns (rank ordering of parameter
values) when absolute values have an unknown system
atic bias due to the unknown true value of k,. The lack
of effect of k4 on parameter CVs (Table 2) is consistent
with the fact that there is very little information about
k4 in the first 45 mm ofthe study. If k@varied substan
tially from subject to subject, this variability should
have been reflected in increased scatter in the data
resulting from different scaling effects for different sub
jects. The large R2 values for the regression lines in
Table 3 argue against such variability; long duration

studies have already shown a small intersubject varia
ton in the estimate of k@(20% COY) (1).

In the case of certain diseases, when k, changes
significantly, it is not possible to pinpoint the underly
ing physiologic cause based on the absolute value of the
parameters (especially k2 and k3) because ofthe variable
scaling effect ofdifferent k@s.However, relative ordering
of parameters, which holds true for a fixed value of k@,
can be used to provide a first order physiologic state
discrimination. Techniques that overcome the scaling
effects have already been developed and can be very
effective in FDG/PET data analysis (21,22).

The scaling effects on various parameters discussed
above are applicable to nonsmear corrected blood data.
Our partial smear correction compensates only for cx
ternal smearing (radial catheter and pump tubing) and
we do not yet have a quantitative description of mdi
vidually varying internal smearing (circulatory system)
required to confirm the scaling effects on fully smear
corrected data. This individual internal smearing could
be similar in magnitude to the fixed external smearing
(16). It is, however, expected that scaling effects on
parameters for fully smear corrected data will be similar,
albeit of a different magnitude, to those for the non
smear corrected data for the following reasons: (a) the
similarity of the CVs in the estimate of parameters for
both partial smear and nonsmear corrected data sets
(Table 1), (b) the similar percent magnitude change in
parameter values for partial smear corrected data when
k4 was changed from 0.0068 to 0.0 and 0.0 136 (tested
for two subjects, 7 and 8, Table 1) and (c) smearing
correction has a trivial effect on rCMRG1u determina
tions based on the autoradiographic technique. This
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vascular activity in the determination ofrate constants
for the uptake of â€˜8F-labelled2-fluoro-2-deoxy-i-glu
cose; error analysis and normal values in older sub
jects. J Cereb Blood Flow Metab 1986; 6:724â€”738.

8. Huang SC, Phelps ME, Hoffman El, et al. Noninva
sive determination of local cerebral metabolic rate of
glucose in man. Am JPhysiol 1980; 238:E69â€”E82.

9. Rottenberg DA, Moeller JR, Strother SC, et al. The
metabolic pathology of the AIDS dementia complex.
Ann Neurol 1987; 22:700â€”706.

10. Tewson TJ. Synthesis of no-carrier-added fluorine-18
2-fluoro-2-deoxyglucose. J Nucl Med 1983; 24:7 18â€”
721.

11. Ginos JZ, French R, Reamer R. The synthesis of high
radiochemical purity 2-['8F]-fluoro-2-deoxy-D-glucose
without the use of preparative HPLC. J Label Comp
Radiopharm1987;24:805â€”815.

12. Kearfott KJ, Carroll LR. Evaluation of the perform
ance characteristics of the PC 4600 positron emission
tomograph. J Comput Assist Tomogr 1984; 8:502â€”
513.

13. Dhawan V, Conti J, Mernyk M, et al. Accuracy of
PET rCBF measurement: effect of time shift between
blood and brain radioactivity curves. Phys Med Biol
1986; 31:507â€”514.

14. Strother SC, Allard C, Moeller JR, et al. Methodolog
ical factors affecting patterns of regional cerebral glu
cosemetabolism as determined by â€˜8F-fluorodeoxyglu
cose/positron emission tomography. J Cereb Blood
FlowMetab 1987; 7:5443.

15. Eycleshymer AC, Schoemaker DM. A cross-section
anatomy. New York: Appleton-Century Company,
1911.

16. Dhawan V, Jarden JO, Strother 5, Rottenberg DA.
Effect of blood curve smearing on the accuracy of
parameter estimates obtained for 82Rb/PET studies of
blood-brain barrier permeability. Phys MedBiol 1987;
33:61â€”74.

17. Reivich M, Alavi A, Wolf A, et al. Glucose metabolic
rate kinetic model parameter determination in hu
mans: the lumped constants and rate constants for
[18F]-2-fluoro-2-deoxy-D-glucoseand [â€˜1C]deoxyglu
cose.J CerebBloodFlowMetab 1985;5:179â€”192.

18. Hawkins RA, Phelps ME, Huang SC. Effects of tern
poral sampling, glucose metabolic rates, and disrup
tion of the blood-brain barrier on the FDG model
with and without a vascular compartment: studies in
human brain tumors with PET. J Cereb Blood Flow
Metab 1986;6:170â€”183.

19. Friedland RP, Budinger TF, Yano Y, et al. Regional
cerebral metabolic alterations in Alzheimer type de
mentia: kinetic studies with 18-fluorodeoxyglucose. J
Cereb BloodFlow Metab 1983; 3(suppl 1):S510â€”5511.

20. Lammertsma AA, Brooks DJ, Frackowiak RSJ, et al.
Measurement ofglucose utilization with [â€˜8fl2-fluoro
2-deoxy-D-glucose: a comparison of different analyti
cal methods. J Cereb BloodFlowMetab 1987; 7:161â€”
172.

21. Moeller JR, Strother SC, Sidtis JJ, Rottenberg DA.
Scaled subprofile model: a statistical approach to the
analysis of functional patterns in positron emission
tomographic data. J Cereb Blood Flow Metab 1987;
7:649â€”658.

22. Clark CM, Carson R, Kessler R, et al. Alternative
statistical models for the examination of clinical pos
itron emission tomography/fluorodeoxyglucose data.
J CerebBloodFlowMetab 1985;5:142â€”150.

occurs because rCMRG1u values are governed primarily
by the area under the blood curve, which is almost
identical for smear and nonsmear corrected data.

CONCLUSION

At the present time, for FDG/PET studies of less
than 1 hr's duration, the necessity for fitting k@as an
additional parameter has not been demonstrated, al
though it would seem reasonable to include a fixed
â€œpopulationâ€•value in the range 0.0055 to 0.0075 min'
for gray matter, based on long-duration studies, in the
operational equation. Inclusion of a fixed k@value has
a scaling effect on all model parameters, but has no
effect on the coefficient of variation of within- or be
tween-subject values for homogeneous groups. This
observation emphasizes the need for testing subject
and/or group differences using pattern analysis tech
niques instead of absolute rCMRG1u values.
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